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ABSTRACT 
Transport equations which describe the f low o f  ho les and e lec t rons  i n  the 
heav i l y  doped regions o f  a so la r  c e l l  are presented i n  a form t h a t  i s  s u i t a b l e  
f o r  device model ing. Two exper imenta l ly  determinable parameters, the  e f f e c t i v e  
bandgap shrinkage and the e f f e c t i v e  asymmetry f a c t o r  a re  requi red t o  completely 
model the  c e l l  i n  these regions. Nevertheless, a knowledge o f  on ly  the  
e f f e c t i v e  bandgap shrinkage i s  s u f f i c i e n t  t o  model the terminal  c h a r a c t e r i s t i c s  
o f  the c e l l .  
doping are presented. The i n s e n s i t i v i t y  o f  the terminal  c h a r a c t e r i s t i c s  t o  
The r e s u l t s  o f  computer s imulat ions o f  t he  e f f e c t s  o f  heavy 
v i t y  the choice o f  e f f e c t i v e  asymmetry f a c t o r  i s  shown along w i t h  the  sens i t  
of the e l e c t r i c  f i e l d  and q u a s i - e l e c t r i c  f i e l d s  t o  t h i s  parameter. The 
dependence o f  the terminal c h a r a c t e r i s t i c s  on the e f f e c t i v e  bandgap shr 
i s  a lso  presented. 
I NTRODUCTI ON 
nkage 
The need f o r  accurate modeling o f  the physical phenomenon which con t ro l  
the  behavior o f  so la r  c e l l s  has long been recognized as being necessary t o  
the development o f  h igh -e f f i c i ency  so la r  c e l l s .  Th is  paper i s  concerned w i t h  
the accurate modeling o f  heavy doping e f f e c t s  and the proper technique f o r  
incorpora t ing  exper imenta l ly  determined heavy doping parameters i n t o  a 
numerical s o l a r  c e l l  model. 
Since both the e m i t t e r  and the high-low j u n c t i o n  regions o f  a h igh-  
e f f i c i e n c y  so la r  c e l l  are heav i l y  doped, the  performance o f  these regions i s  
c o n t r o l l e d  by the var ious heavy doping e f f e c t s  which occur. Among the  con- 
s idera t ions  f o r  c o r r e c t  modeling o f  these regions are: 
degenerate and, therefore,  requ i re  the use o f  Fermi-Di rac s t a t i s t i c s ,  2) the 
dens i ty -o f -s ta tes  func t ion  i s  expected t o  have a change o f  shape due t o  band 
t a i l i n g  o r  the formation o f  an impur i ty  band, 3) the o r i g i n a l  energy s ta tes  
are expected to be s h i f t e d  i n  energy due t o  f ree  c a r r i e r - i o n i z e d  impur i ty  
i n te rac t i ons ,  and c o r r e l a t i o n  e f f e c t s .  Recent papers have presented 
theo re t i ca l  ca l cu la t i ons  o f  the magnitude of these various phenomenon, 
references 1 t o  3. The problem, however, i s  t h a t  the present s ta te -o f - the  
1) the  regions are 
-L 
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theory i s  n o t  s u f f i c  
o f - s  ta tes  funct ions 
t o  compute the param 
e n t l y  developed. For example, the  shape o f  the densi ty-  
s unknown, and w i thout  t h i s  in format ion one i s  unable 
t e r s  which appear i n  the fo rmula t ion  o f  the t ranspor t  
equations i n  the presence o f  heavy doping e f f e c t s .  
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NOTAT I ON 
e f fec t i ve  asymmetry f a c t o r  
bandgap 
bandgap shrinkage 
e f f e c t i v e  bandgap shrinkage 
ho le  (e lec t ron)  d i f f u s i o n  c o e f f i c i e n t  
hole (e lec t ron)  cu r ren t  dens i ty  
Bo 1 tzmann I s cons tan t 
i n t r i n s i c  c a r r i e r  concentrat ion i n  a semiconductor w i t h  an 
unperturbed band s t ruc tu re  
e f fec t  i ve i n t r  i ns i c c a r r i e r  concent r a t  ion 
ho 1 e (e 1 e c t ron ) ca r r i e r con cen t r a t  i on 
magnitude o f  the e l e c t r o n i c  charge 
absol Ute temperature (Kelv in)  
e l  ec t ros  t a t  i c p o t e n t i a l  
ho le  (e lec t ron)  mobi 1 i t y  
e 1 e c t  ron 
The grad 
Equi 1 i b r i  um values 
0. 
a f f i n i t y  
e n t  operator  w i t h  n 
o f  the parameters l i s t e d  above are denoted by a superscr ip t  
(nC) he ld  constant 
V 
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TRANSPORT EQUATIONS 
I f  t h e  e x i s t e n c e  of a m o b i l i t y  e d g e  s e p a r a t i n g  l o c a l i z e d  from d e l o c a l i z e d  
s ta tes  is p o s t u l a t e d ,  t r a n s p o r t  e q u a t i o n s  for m a t e r i a l s  w i t h  a p o s i t i o n -  
d e p e n d e n t  b a n d  s t r u c t u r e  c a n  b e  w r i t t e n .  
b y  Marshak  a n d  van  V 1  iet  ( r e f s .  4 ,  5) are:  
T h e s e  e q u a t i o n s  i n  t h e  form g i v e n  
w h e r e  
a n d  
J = -pqp c . ( V  + + E G  - - r p  )] - qDpVp 
P P 9 q 
a re  t h e  E i n s t e i n  r e l a t i o n s ,  a n d  
are  t h e  d e n s i  t y - o f - s t a t e s  effects .  
W i t h o u t  a k n o w l e d g e  of t h e  s h a p e  of t h e  d e n s i t y - o f - s t a t e  f u n c t i o n  a n d  
t h e  l o c a t i o n  of t h e  b a n d  e d g e s  t h e s e  e q u a t i o n s  c a n n o t  b e  u t i l i z e d  for d e v i c e  
model i n g .  O t h e r s  h a v e  f o r m u l a t e d  t r a n s p o r t  e q u a t i o n s  u n d e r  more  r e s t r i c t i v e  
a s s u m p t i o n s ,  s u c h  as  t h e  r i g i d  b a n d  a p p r o x i m a t i o n  ( r e f .  6) o r  u n d e r  c o n d i t i o n s  
for which  Bol tzmann s ta t i s t ics  a p p l y ,  ( r e f .  7 ) .  W h i l e  t h e s e  f o r m u l a t i o n s  
a l l o w  o n e  to  p e r f o r m  n u m e r i c a l  c a l c u l a t i o n s ,  t h e y  a re  r e s t r i c t e d  to  cases 
w h i c h  a re  known to be  v i o l a t e d  i n  t h e  emitter a n d  t h e  b a c k  s u r f a c e  f i e l d  
r e g i o n  of h i g h  e f f i c i e n c y  s o l a r  c e l l s .  
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A recent reformulation of the transport equation by Lundstrom, Schwartz 
and Gray (refs. 8, 9) provides a means of avoiding these complications while 
retaining a precise model of the effects of heavy doping on the transport 
equations, and consequently upon the behavior of a solar cell (refs. 8, 9) .  
They have shown that equations 1 and 2 can be rewritten as 
and 
Jn = -nqU n [V(V + T) ] + kTUnvn, 
where 
AG = ( A E G  + On + 0 ) 
P 
is the effective bandgap shrinkage and 
Ax + On 
* G  
Y =  
i s  the effective .asymmetry factor. 
The parameters, en and 8 , which contain the information on the position 
dependence of the densi ty-of-gtates and the influence of Fermi-Dirac statistics 
are defined by, 
rDp - kTi’pl VO = VI’ - kT P P P 
and 
von = vrn - [ qDnni nkT”n 1 
The significance of recasting. the Marshak and van Vliet equations in 
These 
the form shown by equations (7)and (8) is that the parameters which appear in 
equations (7) and e), namely AG and y, are experimentally determinable. 
experimentally determinable parameters contain the information on the band 
structure and the influence of Fermi-Dirac statistics necessary to model 
heavily doped semiconductor.devices. In addition, the simple, Boltzrnann-like 
form of these equations facilitates their use in device modeling. 
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The e f f e c t i v e  gap shrinkage, AG, i s  the parameter i n f e r r e d  from t y p i c a l ,  
e l e c t r i c a l  measurements o f  heavy doping e f f e c t s  ( r e f s .  10 t o  12). 
t h i s  parameter i s  f requent ly  r e f e r r e d  t o  as the bandgap shrinkage, equation 9 
shows t h a t  AG a l so  accounts f o r  the mod i f ied  dens i ty -o f -s ta tes  and the  
in f luence o f  Fermi-Dirac s t a t i s t i c s ,  The e f f e c t i v e  gap shrinkage can be 
r e l a t e d  t o  the e f f e c t i v e  i n t r i n s i c  c a r r i e r  concentrat ion a; ( r e f s  8, 9 ) .  
Although 
0 
2 AG/kT 
= n  e n Y 
2 
i e  i o  
where n i s  the i n t r i n s i c  c a r r i e r  concentrat ion f o r  a mater ia l  w i t h  
unperturged band s t ruc tu re .  i 
The parameter y, which we r e f e r  t o  as the e f f e c t i v e  asymmetry f a c t o r ,  
accounts f o r  the  asymmetry i n  the s h i f t  o f  the band edges as we l l  as the  
mod i f ied  dens i ty -o f -s ta tes  and the in f luence o f  Fermi-Dirac s t a t i s t i c s .  L i k e  
A G ,  y can be determined from e l e c t r i c a l  measurements, b u t  u n l i k e  AG, no 
measurements o f  y have been reported. 
Equations (7) and (8) can be used by the semiconductor device modeler t o  
account f o r  the complicated e f f e c t s  associated w i t h  heavy impur i ty  doping. 
Unfor tunate ly ,  in format ion on AG i s  q u i t e  l i m i t e d ,  and no in format ion on y 
e x i s t s .  For tunate ly ,  the terminal  c h a r a c t e r i s t i c s  o f  the device are 
i n s e n s i t i v e  t o  y when the heav i l y  doped regions a re  i n  low i n j e c t i o n ,  quasi- 
neu t ra l ,  and the  dopants f u l l y  ion ized,  ( r e f s .  8, 9 ) .  While i t  i s  t r u e  t h a t  
the terminal c h a r a c t e r i s t i c s  o f  the device are unaf fected by the choice o f  y, 
i t  is  n o t  t r u e  f o r  some o f  the i n te rna l  parameters o f  the c e l l .  For example, 
the  b u i l t - i n  p o t e n t i a l ,  e l e c t r i c  f i e l d  and q u a s i - e l e c t r i c  f i e l d s  are s t rong ly  
a f f e c t e d  by y .  
The remainder o f  t h i s  paper i s  devoted t o  showing the  r e s u l t s  o f  computer 
s imulat ions o f  so la r  c e l l s  t o  i l l u s t r a t e  the use of the heavy doping model 
described above. The s e n s i t i v i t y  o f  s o l a r  c e l l  performance t o  the  two heavy 
doping parameters, y and AG i s  considered. 
S E N S I T I V I T Y  OF SOLAR CELL PERFORMANCE TO y 
A s e t  o f  computer s imulat ions was performed i n  o rder  t o  t e s t  the 
s e n s i t i v i t y  o f  the  device model t o  the  choice o f  the  e f f e c t i v e  asymmetry 
factor . ”  For these s imulat ions,  a p nn + +  A 
1 i s t e d  i n  Table I , was chosen. The dop 
* 
The numerical model used f o r  these simu 
s o l a r  c e l l ,  described by the parameters 
ng p r o f i l e  o f  the p-n j u n c t i o n  i n  
a t i ons  i s  described i n  reference 9. 
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t h i s  device i s  shown i n  f i g u r e  1. Complete i o n i z a t i o n  o f  the impur i t i es  was 
assumed i n  a l l  s imulat ions.  Two d i f f e r e n t  choices f o r  y were considered. I n  
Case I ,  we se t  y = 0.5, and i n  Case I I  we p u t  a l l  o f  the e f f e c t i v e  band edge 
s h i f t  i n t o  t h e  m a j o i r t y  c a r r i e r  band ( i  .e, y = 0 f o r  p-type, y = 1 for  n-type). 
Comparison o f  the  computed, one sun I V  curves, shown i n  Table I I ,  shows t h a t  
the terminal c h a r a c t e r i s t i c s  o f  the c e l l  a re  r e l a t i v e l y  unaf fected by the 
choice for  y. Sim i la r  agreement was observed when the spec t ra l  responses for 
the  two cases were compared .. 
The comparisons o f  the computed I - V  curves f o r  the two cases confirms 
the p r e d i c t i o n  ( r e f s .  9, 10) t h a t  t he  terminal c h a r a c t e r i s t i c s  o f  t y p i c a l  
heav i l y  doped semiconductor devices are  no t  s e n s i t i v e  t o  the  choice f o r  y. 
Figure 2, however, which compares the open-c i rcu i t  e l e c t r i c  f i e l d s  w i t h i n  
the  p-n j u n c t i o n  reg ion f o r  the two cases, shows t h a t  the  e l e c t r i c  f i e l d  i s  
q u i t e  s e n s i t i v e  t o  the  choice o f  y. The quasi -e lect rFc f i e l d s  f o r  holes and 
e lec t rons  are shown i n  f i g u r e  3 .  The two Ghoices o f  y are seen t o  r e s u l t  in 
very d i f f e r e n t  q u a s i - e l e c t r i c  f i e l d s  , nevertheless, the e f f e c t i v e  f i e l d s  which 
a c t  on the c a r r i e r s  a re  n o t  a f fec ted  by y. The e f f e c t i v e  f i e l d s  are the  sums 
o f  the e l e c t r i c  and q u a s i - e l e c t r i c  f i e l d s  for each c a r r i e r .  Figures 2 and 3 
show t h a t  the e f f e c t i v e  f i e l d s  f o r  ho les and e lec t rons  are near l y  i d e n t i c a l  
f o r  the t w o  cases. 
The open-c i r cu i t  c a r r i e r  concentrat ions w i t h i n  the p-n j u n c t i o n  region 
a re  p l o t t e d  i n  f i g u r e  4. As expected, ( r e f s .  8, 9) the  c a r r i e r  concentrat ions 
are  no t  s e n s i t i v e  t o  the  choice o f  y. Since both the e f f e c t i v e  f i e l d s  and 
c a r r i e r  concentrat ions are independent o f  y, the cur ren t  dens i t i es  a re  a l so  
expected t o  be unaf fected by y. F igure 5 shows t h a t  the expected r e s u l t  i s  
observed. 
SENSITIVITY OF SOLAR CELL PERFORMANCE TO AG 
The s o l a r  c e l l  s imulat ions showed t h a t  the terminal I V  c h a r a c t e r i s t i c s  
o f  t y p i c a l  s i l i c o n  so la r  c e l l s  are, as expected ( r e f s .  9, 10) n o t  s e n s i t i v e  
t o  the choice o f  y. The performance”of s i l i c o n  so la r  c e l l s ,  however, i s  q u i t e  
s e n s i t i v e  t o  the  e f f e c t i v e  bandgap shrinkage, A G .  
e f f e c t  o f  A G ,  we compared the simulated performance o f  the  p+nn+ s o l a r  c e l l  
w i t h  the  simulated performance o f  an i den t i ca l  c e l l  i n  which bandgap 
narrowing was suppressed ( i  .e. , AG = 0). 
y = 0.5 ( a l l  the r e s u l t s  t o  be discussed, however, a re  independent of the  
choice o f  y) . 
I n  o rder  t o  study the 
For these comparisons we chose 
+ +  
The computed cur ren t  versus vo l tage curves f o r  the  p nn c e l l  w i t h  and 
w i thout  bandgap narrowing are compared i n  f i g u r e  6 which shows the  well-known 
( r e f s .  13, 14) reduct ion i n  open-c i r cu i t  voltage, VOC, caused by bandgap 
narrowing. The cause f o r  t he  reduction i n  open-c i rcu i t  vo l tage can be as- 
cer ta ined by examining f i g u r e  7, a p l o t  o f  the open-c i r cu i t  energy band 
diagram f o r  the p-n j u n c t i o n  Fegion o f  the c e l l .  
computed by employing the  r i g i d  band approximation and i s  f o r  i l l u s t r a t i v e  
purposes on ly .  A reduct ion o f  the  p o t e n t i a l  b a r r i e r  f o r  e lec t rons  i n jec ted  
i n t o  the  heav i l y  doped p-type reg ion i s  shown by f i g u r e  7. Th is  reduct ion o f  
This  energy band diagram was 
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the p o t e n t i a l  b a r r i e r  i s  caused by AG and i t  i s  n o t  a f fec ted  by y. 
reduced p o t e n t i a l  b a r r i e r  r e s u l t s  i n  increased i n j e c t i o n  of m i n o r i t y  c a r r i e r s  
i n t o  the h e a v i l y  doped regions which increases the  recombination cur ren ts  
associated w i t h  these po r t i ons  o f  the device and, therefore,  reduces the  
open-ci r c u i  t vo l  tage. 
The 
+ +  
The computed c h a r a c t e r i s t i c s  o f  the p nn c e l l  , w i t h  and w i thout  bandgap 
narrowing, are summarized i n  Table I I I .  Because t h i s  c e l l  was designed 
( r e f .  15) t o  minimize the del i te r ious  e f f e c t s  associated w i t h  heavy impur i ty  
doping, the open-c i r cu i t  vo l tage of the c e l l  i s  n o t  severely degraded by 
bandgap narrowing. I n  add i t i on ,  s ince the s h o r t - c i r c u i t  cur ren t  o f  the  c e l l  
i s  no t  s i g n i f i c a n t l y  a f fec ted  by bandgap narrowing, t he  f i l l  f a c t o r  o f  the  
c e l l  i s  a c t u a l l y  improved by bandgap narrowing. This  e f f e c t ,  c l e a r l y  shown 
by f i g u r e  6, minimizes the  degradation o f  c e l l  e f f i c i e n c y  caused by bandgap 
narrowing. 
SUMMARY AND CONCLUSIONS 
A s e t  o f  t ranspor t  equations f o r  use i n  analyz ing h e a v i l y  doped semi- 
conductor devices has been considered i n  t h i s  paper. The equations were f i r s t  
presented, and the i n t e r p r e t a t i o n  o f  the two parameters, AG and y, used t o  
describe the e f f e c t s  associated w i t h  heavy impur i ty  doping was discussed. The 
in f luence t h a t  these two parameters have on so la r  c e l l  performance was then 
i l l u s t r a t e d  by the r e s u l t s  o f  computer s imu la t ion .  
The most important conclusion reached i n  t h i s  paper i s  t h a t  heav i l y  
doped semiconductor devices can be modeled i n  terms o f  two exper imenta l ly  
determinable parameters. The e f f e c t s  associated w i t h  heavy impur i ty  doping 
(i .e., band edge s h i f t s ,  changes i n  the dens i ty -o f -s ta tes  and the  in f luence 
o f  degenerate s t a t i s t i c s )  can be modeled accurate ly  by using the  two parameters 
i n  simple, Boltzmann-1 i k e  t ranspor t  equations. To model heav i l y  doped semi- 
conductor devices, there  i s  no need t o  introduce a d d i t i o n a l ,  unproven 
assumptions as i s  done i n  the  f requent ly  used r i g i d  band approximation. I n  
add i t i on ,  we have demonstrated t h a t  the terminal I - V  c h a r a c t e r i s t i c s  o f  
t yp i ca l ,  h igh-e f f i c iency ,  s ing le -c rys ta l  , s i 1  icon s o l a r  c e l l s  a re  n o t  
s e n s i t i v e  t o  the  e f f e c t i v e  asymmetry fac to r ,  y. 
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TABLE I PARAMETERS USED TO MODEL THE p nn CELL. 
Tempe ra tu re 
Device thickness 
Base doping density 
PN junction depth 
High-Low junction depth 
P surface concentration 
N surface concentration 
Doping profiles 
PO 
SRH lifetime parameter, T 
SRH lifetime parameter, T~~ 
Auger coefficient, A 
Auger coefficient , 
Front surface recombination velocity 
Back contact 
Solar spectrum 
Optical reflection losses 
Bandgap narrowing model (AG) 
Effective asymmetry (y): 
+ 
+ 
P 
An 
I 
27°C 
3 0 0 ~  
5 x 1 0  un 
0.35~11 
1 .Oum 
1 .5 x 10 cm 
3.0 x 10 cm 
complementary error function 
4OOpsec 
4oOpsec 
9.9 x 10-3*cm~sec-~ 
-31 6 - 1  2.8 x 10 cm sec 
14 -3 
20 -3 
20 -3 
5000 cm/sec 
ohmic 
AM1 
D 
Slotboom and DeGraaf 
y = 0.5 
y = 0 for p-type 
y = 1 for n-type 
CASE 
CASE 
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TABLE I I .  
Voltage 
0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.62 
"OC Case I 
COMPARISON OF 1 SUN I - V  CURVES FOR TWO EFFECTIVE 
ASYMMETRY FACTOR MODELS. 
Current  Densi ty  (MA/Cm 2 ) 
Case I Case I I  -
37.4273 
37.4259 
37.4243 
37.4219 
37.3932 
36.3423 
14.0828 
6.1596 
= 0.61512 v o l t s  
37.4245 
37.4232 
37.42 16 
37.4192 
37.919 
36.3910 
14.9401 
4.5492 
Dev i a t i on 
7.5 10-5 
7.2 10-5 
7.2 
7.2 10-5 
3.5 10-5 
-1.3 i 10-3 
-6.1 x lo-' 
2.6 x-10-1 
= 0 -61632 v o l t s  'OC Case I I  
TABLE I l l .  COMPARISON OF p + +  nn CELL PERFORMANCE WITH AND WITHOUT 
BANDGAP NARROW I NG . 
With BGN Without 6GN 
Short-Ci r c u i  t Current  37.43 d/cm2 37.59 mA/cmz 
C o l l e c t i o n  E f f i c i e n c y  0.98 0 -99 
Open-c i rcu i t  Voltage 0.6t5 Vo l ts  0.676 Vo l ts  
F i l l  Factor 0.80 0.76 
E f f i c i e n c y  0.192 0.201 
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Figure 1 .  Doping profile for the p-n junction 
region of the p+nn+ solar cell. 
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Figure 2. Open-circuit electric field within 
the p-n junction region of the 
p+nn+ cell . 
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Figure 3a. Quasi-electric fields in the p-n 
junction region o f  the p+nn+ cell 
(Case I ) .  
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Figure 3b. Quasi-electric field within the 
p-n junction region o f  the p+nn+ 
cell (Case 1 1 ) .  The electron 
quasi-electric field is zero 
for this case. 
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Figure 4. Open-circuit carrier concentrations 
within the p-n junction region of 
the p+nn+ cell , 
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Figure 5. Open-circuit current densities 
in the p-n junction region of the 
p+nn+ ceI 1 .  
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Figure 6 .  Current-vol tage cha rac te r i s t i cs  
f o r  a p+nn+ so lar  c e l l  w i t h  and 
without bandgap narrowing. 
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